X-ray diffraction, Mössbauer spectrometry and magnetic properties have been performed on FeGa arc-melted binary alloys in order to study the compositional dependence of the structural ordering and magnetic properties of these alloys. The average magnetic hyperfine field at 300 K decreases with increasing Ga content as does the average magnetic moment per Fe atom and a linear dependence between both quantities is found for Ga content up to 20 at. %. The substitution of Fe by Ga atoms increases the lattice parameter and causes a change in the order of the crystal structure that has been modelled using a binomial distribution method. The effect of Ga atoms as near neighbours of Fe on the average magnetic hyperfine field is evaluated.
Introduction
FeGa alloys have attracted great attention in the last few years due to their superior magnetostrictive properties at low saturation field [1] [2] [3] [4] . This quality associated with their high mechanical strengh, good ductility, negligible magnetic hysteresis and low cost [5] makes these materials very promising for sensor and actuator applications.
Recent investigations include the study of the influence of the thermal history and the structural ordering on their magnetostriction [6, 7] , the phase equilibria and stability of ordered bcc phases in the Fe-rich portion of the FeGa system [8] and the structural transformations in quenched FeGa alloys [9] . Moreover, recently it was found that the addition of Cu to Fe 65.5 Cr 4 Mo 4 Ga 4 P 12 C 5 B 5.5 amorphous alloy produces a nanocrystalline microstructure consistent of FeGa nanocrystals embedded in an amorphous matrix [10] .
These nanocrystalline alloys are interesting since they would combine a large glassforming ability with good soft magnetic properties.
However, a Mössbauer study of the FeGa alloy series is still missing. The importance of this study is double. On one hand, structure determination of FeGa alloys by X-ray diffraction is troublesome due to the similarity in the atomic scattering factors of Fe and Ga atoms which results in superlattice reflections of very low intensity. For example, the intensity of the strongest superlattice reflection associated with DO 3 longrange order is calculated to be only 0.6% of the strongest primary reflection. Mössbauer spectrometry, as a short range order sensitive technique, does allow distinguishing between ordered and disordered atomic structures. For nanocrystalline alloys and due to the complexity of their magnetic hyperfine structure, the characterization of the hyperfine parameters of FeGa crystals becomes an essential information.
In the present work, arc-melted polycrystalline Fe 100-y Ga y (y=5, 10, 20 and 25) alloys were prepared in order to study variations in the atomic short range order at room temperature with substitution of Fe by Ga. A local model based on a binomial distribution method [11] was used in order to correlate the magnetic hyperfine parameters with the structural ordering of these alloys. The influence of Ga substitution for Fe on the lattice parameter, saturation magnetization, magnetic moment and Curie temperature of these alloys is also reported. The interest of this study is focused in demonstrating that Mössbauer technique is able to supply detailed quantitative data for the structural ordering of such systems as Fe-Ga binary alloy where conventional X-ray diffraction techniques can not resolve an ordered structure due to the similarity between the scattering factors of its constituents.
Experimental
Fe 100-y Ga y (y = 5, 10, 20 and 25 at. %) alloys were prepared by arc-melting from pure Fe (99.95%) and Ga (99.999%) in an Edmund-Bühler high vacuum arc-melting system. The arc-melted bottoms (~2 cm diameter and ~0.8 mm thick) were remelted several times to get homogeneous samples.
X-ray diffraction (XRD) patterns were recorded at room temperature using a Brucker AXS D8-Advance diffractometer with Cu K  radiation on slices ~100 m thick cut from the bulk samples.
For thermomagnetic (TMG) experiments, the magnetic field of a small magnet (20 mT) was applied to the sample and the temperature variation of the magnetic force was recorded in a thermobalance (Perkin-Elmer TGA-7) as an apparent weight change of the sample. The Curie temperature, T C , was determined from low field magnetization curves, by the "kink point" method. Mössbauer spectra on the same samples studied by XRD were taken at 300 K in a transmission geometry using a 57 Co(Rh) source, with the -beam perpendicular to the ribbon plane. The values of the hyperfine parameters were refined using NORMOS [12] and MOSFIT programs [13] . The isomer shift values are quoted relative to -Fe at 300 K.
Results

X-ray diffraction
X-ray diffractograms of as-cast samples show that the substitution of Fe by Ga shifts the position of diffraction lines corresponding to bcc phase of pure -Fe to smaller values of 2. Figure 1a shows, as an example, the XRD pattern of Fe 75 Ga 25
alloy. The increase of the lattice parameter, a, caused by Ga addition can be expressed by ( Fig. 1b) :
where y is the Ga content (at. %) of the alloy. Additional weak reflections due to the possible occurrence of DO 3 ordering of the structure are not detected. In fact, as it was said above, the similarity between the atomic scattering factors of Fe and Ga makes this detection difficult, unlike for FeSi alloys.
Magnetic properties
The saturation magnetization, M S , at 300 K, shows a linear dependence with the Ga content, y, up to 20 at. % Ga (see Fig. 2a.) , that can be expressed by:
The average magnetic moment per Fe atom, < Fe >, decreases as the Fe content decreases (Fig. 2b) . A linear dependence of < Fe > with y is observed for Ga content up to 20 %, that can be given by:
The different behaviour of M S and < Fe > below and above y = 20 at. % suggests a change in the structural ordering of the binary alloy.
The Curie temperature, T C , of the arc-melted alloys decreases monotonously with the Ga content of the alloy as can be observed in Fig. 2c . The fitting of the spectra was first tried using several independent sextets with free width but only the spectrum corresponding to the alloy with 5 at.% Ga could be satisfactorily fitted using this model. Neither the spectrum of the 25 at.% Ga could be clearly decomposed into two components with proportions 3:1, as could be expected for a stoichiometric Fe 3 Ga with a DO 3 structure.
Mössbauer spectrometry
The best fitting of the spectra was attained using a discrete magnetic hyperfine field distribution (HFD) with a linear correlation between the magnetic hyperfine field and the isomer shift of the components of the distribution in order to reproduce the asymmetrical shape of the spectra [14] . The quadrupolar splitting was averaged to zero.
The obtained HFDs are shown in Fig The average magnetic hyperfine field at 300 K decreases with increasing Ga content ( Fig. 4a ) as does the average magnetic moment per Fe atom, and a linear dependence between these two quantities is found for Ga content  20 at. % (Fig. 4c ).
The decrease of <B hf > with y, for y up to 20 at. %, can be expressed by a linear relation:
The value of <B hf > at y = 0 at. % of Ga is in agreement with the expected value of B hf for pure -Fe phase at room temperature, 33.0 T. For comparison, Fig.4a also shows the compositional dependence of <B hf > for FeAl [15] and FeSi [16] alloys. A discontinuous jump at 20 at.% metalloid is encountered for FeGa and FeAl alloys, but this jump is not so clear for FeSi alloys.
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The average isomer shift ( Fig. 4b ) increases linearly with Ga content up to 20 at.% Ga following the relation:
The angle , defined by the direction of the magnetic hyperfine field and the propagation direction of the  rays, can be obtained from the intensities of the second and the third absorption lines of the spectra. For the present alloys, a value of around 55 º reveals the absence of texture of magnetic moments for all alloys.
Local order modelling
Using a binomial distribution, the probability, P nm , of a bcc environment with n Ga atoms as near neighbours (NN), in the first shell, and m Ga atoms as next near neighbours (NNN), in the second shell is given by the expression: 
However, the composition of the neighbourhood of the Fe atoms must be strongly affected, not only by the global composition, but also by the ordering of the crystalline structure. In a fully disordered A2 structure, the Ga and Fe positions are indistinguishable and their distribution would be random. Therefore, the atomic composition of the first and second shells is the same, x Fe and x Ga , for Fe and Ga atoms, respectively. However, it is important to note that using Mössbauer spectrometry (MS), from the 15 atoms (one central surrounded by 8 as NN and 6 as NNN) which are probed and form the cluster unit, the central one is forced to be a Fe atom. Therefore, the probabilities for finding a Fe atom or a Ga atom in the neighbourhood of the probe are modified with respect to the global composition (Fe 100-y Ga y , with x Fe = (100-y)/100, For alloy compositions Fe 100-y Ga y with y < 25 at. %, there is no possibility for a perfect ordered structure as the number of Fe atoms is in excess and the number of Ga atoms is less than the needed. Therefore, we assume a "maximum ordered" structure in which Ga atoms will be always located in their correct sites and the Ga sites which can not be occupied by Ga atoms will be filled with the exceeding Fe atoms. Thus, "maximum ordered" structure implies that a Fe site will never be occupied by a Ga atom but some Ga sites will be occupied by Fe atoms, resulting three different sites for Fe (Table 1) (Table 1) .
Taking into account the previous considerations to obtain the concentration of Fe and Ga atoms in the NN and NNN sets of atoms, the probabilities of the different configurations can be calculated using equation (6) . The results for disordered and ordered structures are shown in figures 5 and 6, respectively.
Discussion
(a) Alloys with low Ga content (10 at. %)
Assuming the effect of the Ga atoms on the magnetic hyperfine field to be proportional to the number of Ga atoms in the first shell, n, and the number of Ga atoms in the second shell, m, the average magnetic hyperfine field can be expressed by:
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[T]
where q and r are the reduction of B hf per Ga atom in the first and the second shell, respectively. The linearity between the reduction of B hf and the number of Ga atoms as NN (or NNN) yielding to q (or r) is not a strong hypothesis for low Ga containing alloys (expected to be in a disordered structure) as the most probable configurations are those of 0, 1 or 2 Ga atoms as NN or NNN (Fig. 5) . For fully disordered systems, the relationships between both P nm n and P nm m with y are linear (Fig. 7) . Therefore, from equations (4) and (8) it is possible to obtain:
It should be remembered that expression (9) has been obtained for compositions for which the most probable environments correspond to n=0, 1 and 2 atoms of Ga.
b) Fe 75 Ga 25 alloy
A perfect ordered DO 3 structure (Table 1) 
The actual environment of the Fe atoms in Fe 75 Ga 25 alloy in this non-perfect ordered DO 3 structure must be modified with respect to that of the perfect ordered one (Table 1) . It is possible to estimate an average effect of the separation from the perfect Assuming that maxima "a" and "b" are ascribed to the A* and D* sites, respectively, it would be possible to write:
Both expressions cannot be fulfilled at the same time as this should imply a negative value of r ~ -2.5 T. The reason for that could be the non-linearity between B hf = 33-<B hf > (T) and n and m (i.e. q and r are not constant and independent of n and m, respectively).
c) General dependence of <B hf > on the number of Ga atoms as NN
Assuming the effect of the second shell can be negligible (i.e. the main effect on the magnetic hyperfine field is due to the first shell), it would be possible to obtain the dependence of <B hf > on the average number of Ga atoms as NN, <n>, for fully disordered and "maximum ordered" structures (Fig. 8) . The average values obtained for ordered and disordered structures differ only for the alloys with 20 and 25 at. % Ga. The actual value for these alloys must lie between these two calculated values. linear branches with a slope change at <n> ~ 2 can be used to describe the whole set of data. Therefore, it could be concluded that q is not independent of <n>. For low <n> values ( 2), the decrease of B hf per Ga atom as NN is lower than for values of the average number of Ga atoms as NN bigger than 2. This feature is also described for FeSi alloys [16] . A comparison between figure 8 and figure 4 of ref. [16] shows that, for low <n> (disordered alloys, low Ga content), the effect of Ga as NN is similar to that of Si (slope ~2.5 T per Ga or Si atom as NN), and for <n> > 2, this effect is enhanced for both alloy types, but seems to be stronger in the case of Ga than in the case of Si (slope ≥15 per Ga atom and ~5.5 T per Si atom as NN).
Mössbauer spectrum of Fe 80 Ga 20 alloy has turned to be the most complex of the studied alloy series. Its HFD shows two broad and overlapped maxima, which can be ascribed to a mixture of the disordered A2 and ordered DO 3 phases. The large number of relevant contributions for both fully ordered and maximum disordered approaches (see figures 5 and 6) prevents a further discussion on the hyperfine structure of this alloy. In fact, the structure of this alloy can be considered as a transition between low Ga containing alloys ( 10 at. %), which can be described by a disordered structure, and Fe 75 Ga 25 alloy, which can be described using a DO 3 ordered structure with small perturbations.
Conclusions
The substitution of Fe by 5, 10, 20 and 25 at. % Ga in arc-melted polycrystalline
FeGa binary alloys causes a decrease of the Curie temperature, the average magnetic hyperfine field, <B hf >, and the average magnetic moment, < Fe > per Fe atom at 300 K.
A linear dependence of <B hf > and < Fe > with Ga content, and therefore between these two quantities, is found for Ga content up to 20 at. %.
The change in the ordering of the crystal structure with increasing Ga content of the alloy was modelled using a binomial distribution method taking into account both the nearest neighbours and the next nearest neighbours shells. Low Ga containing alloys 
